The next Generation of Global Satellite Navigation Systems (GNSS -GPS and Galileo) will provide enhanced performance with respect to signals, services, quality and quantity of measurements, availability, integrity and accuracy. Since in 2004, the European Commission (EC) and the USA signed an agreement about the compatibility and interoperability between GPS and Galileo, the combined use of both systems and respective measurements will have a significant impact on the design of future navigation systems in general. This paper will present results from simulations for a SAR formation flying mission. Applicability, advantages and limitations of GNSS based concepts for orbit-and attitude determination in the context of SAR formation missions in LEO will be outlined and discussed.
INTRODUCTION
The upcoming potential for the development of new navigation systems is very important in the context of future, more challenging and complex requirements for space missions, especially into the Low Earth Orbit (LEO). One of the key elements for future missions is the maximization of onboard autonomy. This is especially true for the realization of new Synthetic Aperture Radars (SAR) mission concepts, based on formation flying in close formation (less than 30m distance) in LEO and dedicated to SAR interferometry missions. Such concepts may be based on onboard navigation concepts for real time orbit and attitude control. The requirements for onboard orbit determination depend on the requested SAR interferometric baseline and thus on the SAR frequency band used. For future SAR missions a post processed relative position accuracy of less than 1mm in case of X-band observations will be required.
For SAR interferometry, many formations were proposed like e.g. TechSAT, Cartwheel, or Pendulum [1, 2] . Such missions, suitable for X-band, C-band or L-band applications [3, 4, 6, 7, 8] , were investigated based on stateof-the-art onboard navigation capabilities. The envisaged GNSS possibilities open a new challenge for SAR interferometric observations with respect to lower orbits, higher efficiency as well as improved use of X-band SAR. As in the previous papers a constellation of one active master satellite (e.g. TerraSAR-X, ENVISAT, RADARSAT, ALOS, etc.) and three small slave satellites will be proposed. The slave satellites are assumed to be passive in the sense that their SARs receive only the SAR signal reflected from the pixel illuminated by the master satellite.
SAR FORMATION
For this study the most challenging orbital height of about 500 km will be selected. The master satellite is assumed to move on a sunsynchronous orbit with frozen eccentricity. A formation of three slave satellites will be kept within a distance of 20-50km from the master. The reference point of the slave satellites will move on the same orbit as the master satellite in front of or following the master.
The slave satellites within their formation have the following arrangement: satellite 2 is the reference satellite of the formation, moving on a sun synchronous orbit like the master satellite with frozen eccentricity. Satellite 1 will move on a HELIX [11] with a separation of 300 m at equator crossing and 30 m at the northern/southern turn. Satellite 3 will similarly move on a HELIX but with a separation of 30 m at equator crossing and 30 m at the northern/southern turn (cf. Fig. 1 ).
The motion of satellite 3 relative to satellite 2 for one draconic period is visualized in Fig. 1 . Due to the projections on the basic planes of the co-moving coordinate system, the safety of the orbits with respect to collision risk can easily be analysed. The relative orbital elements description shows that the eccentricity/inclination vector separation concept [10] is correctly applied to all s/c couples. The risk of collision is minimized for the formation even in presence of large along-track uncertainties and contingencies. The formation is operationally safe due to the parallel orientation of the relative eccentricity and inclination vectors.
The slave satellites are assumed to be microsatellites. They are passive with respect to SAR observation. An AOCS must be implemented in order to allow relative and absolute orbit correction maneuvers as well as attitude 3-axis stabilization for antenna steering and inter-satellite link (ISL) communication. The satellite data for the slaves are summarized in Orbit -and Attitude Determination (OD and AD) accuracy requirements for the proposed SAR formation, which are relevant to this research, are shown in Table 4 .
Orbit -and Attitude Requirements

Values
OnBoard
Relative orbit control accuracy of micro-satellite 
GNSS APPLICATIONS FOR SATELLITE CONSTELLATIONS
GNSS -GPS and Galileo
GPS is a well established system and applications for space are constantly growing. Galileo, the European Global Navigation Satellite System is currently under development and the first test satellite GIOVE-A has been successfully launched in December 2005. Detailed information about Galileo is given in [12] . Information about GPS are widely distributed, see e.g. [13] . One of the main differences between the US American GPS and Galileo is that GPS is military operated, whereas Galileo is designed as a civil operated system under European control and commercially oriented. Extensive research has been done in the area of Galileo signal design (e.g. see [15] ). The Galileo signals are different compared to existing GPS signals in from of; Code structure, larger signal bandwidth, increased power, more frequencies and combinations of code with no data modulated on and frequencies with high data rates. The sum of all these features resulting in a superior performance compared to the existing GPS. However, the signal design in Galileo is an ongoing coordination and optimization process and not finished yet. One of the key features of future GNSS (GPS + Galileo) will be the agreed compatible and interoperable for the civil signals between Galileo and GPS. A consequence of this agreement between the USA and the European Commission is the option for a joint use of both systems for civil signals on signal level. Galileo will provide a total of five services, including four navigation services on four frequencies and 10 signals. Fig. 2 shows the Galileo Signal and Frequency baseline plan. By mapping the Galileo signals to services, it becomes clear that a wide variety of options regarding the choice of GNSS receiver configurations exists. The services and signals from GNSS, which have been used within this simulations are given in Table 5 . The chosen services are the signals on the Galileo Open Service and GPS civil service on L1 and L5. Both services will be available free of charge. It should be clearly mentioned that the chosen Galileo signal/service combination is not the ultimate services related to expected accuracy. However, the potentially more accurate services are subject to fees and have not been investigated in the context of this research, but will be in the context of other research. 
Simulations
The main objective of this research was to investigate in which way the future available GNSS signals and services can be used for on-board navigation in the context of a SAR satellite formation (SAR Orbit parameters outlined in Table 1 and Table 2 ) and meet the accuracy requirements regarding OD and AD. The simulations conducted within this research are summarized in 
The terms, used within equation (1), (2) and (3) 
An equivalent equation can be obtained for GPS observations.
Orbit Determination Concept
The accuracy requirements, as outlined in Table 4 are the drivers for the investigated on-board Orbit Determination (OD) concept. The proposed concept is a Batch Least Square Method (LSQ) using Ionospheric free Code Pseudo Range observations from Galileo, GPS or from both systems.
Orbit Dynamic Model
The orbit dynamic model, used for the Orbit Prediction (OP) plays a key role for the applicable data arc length used in the LSQ. By comparison (see Fig. 3 ) between a highly accurate orbit model with the implemented JGM3 gravity model with order and degree of 10, it can be seen that the JGM3 (10x10) gravity model produces a 3D position error of about 3 m within a period of 10 min and a 3D position error of about 1 m in 5 min. A data arc length of 5 min has been chosen for the OD process. This provides a margin with respect to the 3D position accuracy requirement (3 m, 1σ) of about 2 m. Subsequently the OD process has to provide an position accuracy better than 2 m for a 5 min data arc. A sampling rate of 1Hz was used within this simulation. The dynamic equation of motion for the satellite reference orbit generation can be expressed as:
where U is the Earth gravity potential and I r is the satellite acceleration expressed in the inertial coordinate system (J2000). The calculations of the spherical harmonic terms, needed for the numerical integration of the dynamical equations of motion are conducted according to Cunningham. The numerical integration of equation (5) was done by applying a 4 th order Runge-Kutta method. 
The state vector for the on-board OD is defined as:
Orbit Determination Process -Batch Least Squares
The OD problem can be stated as the estimating of the state vector, The residual vector l is the difference between the calculated measurements (based on predicted orbit) and the measurements itself. This vector can be calculated for each epoch according to:
The design matrix H is created from the observation matrix 
The observation matrix for each epoch can be expressed as:
The state transition matrix ( ) 0 t, t φ is hereby defined as: 
and the state transition's differential equation is given by: 
The vector 0 x is hereby an initial estimation of the state vector. This value can directly be obtained from the GNSS receiver position and velocity solution.
GNSS based Attitude Determination
The fundamental physical principle of the GPS based attitude determination process is the interferometric principle, which is shown in Fig. 4 . The GPS receiver measures the carrier phase. From the carrier phase measurements, single difference (SD) carrier phase observations between two antennas and a GNSS satellite can be generated. For the simulations, it was assumed that the slave satellites will have four antennas, arranged in a rectangular configuration as outlined in Fig. 4 
Fig. 4: Interferometric Principle and Attitude Sensor Array
The basic equations for the AD algorithm using SD and Euler Angles (Euler rotation sequence 3-1-2) as attitude parameters are outlined below. Equation (15) is the observation equation for the ideal case, neglecting any error. Equation (16) describes the SD slant range as a function of the Line Of Sight (LOS) unit vector and the corresponding baseline vectors, and equation (17) describes the relationship between the LOS vectors in the body fixed coordinate system B and the reference system R. Substitution of equations (15) and (17) into equation (16) and also considering an error term, leads to the general observation equation (18) for SD carrier phase measurements as a function of the Euler angles. The resulting SD observation equation for a frequency is given by:
where ΔΦ is the SD carrier phase, m is the index for the baseline and i is the index for the GNSS satellites, which has been used for the generation of the SD. A represents the attitude matrix. The vector u is the LOS unit vector expressed in the reference co-ordinate system R, b is the baseline vector expressed in the body fixed co-ordinate system, λ is the wave length of the GNSS signal, ΔN is the difference of the initial number of cycle ambiguities and the term Δε represents errors, such as line bias, receiver noise and multipath effects. 
The minimum required number of visible GNSS satellites for the User is two in order to be able to perform a deterministic attitude solution. In case that the number of visible GPS satellites is > 2, a Least Square Solution (LSQ) will be used in a sequential way. The AD solution will be obtained by: (21) where x 0 is an initial state vector. The AD solution in the sense of the LSQ is given by:
The accuracy of GNSS based AD is depending on the geometry, the baseline length and the measurement errors. The most significant measurement error on the carrier phase is resulting from multipath. However, this is strongly depending on the design of the spacecraft and possible points and surfaces for reflection of signals. A multipath error of 2.5mm (1σ, SD) was assumed for the simulations. This reflects a low multi path environment. It was also assumed that the multipath error has a Gaussian distribution. The baseline length was considered 1 m between the master antenna and the slave antenna A and B. The resulting 1σ attitude accuracy can be calculated in the following way: 
RESULTS Visibility
The antenna platform is assumed to be integrated in such a way on the satellite that the normal vector of the antenna array is pointing in a zenith direction, away from the Earth. In Figure 5 , the visibility of GPS, Galileo and the combined constellation for an user is shown over a period of two hours, based on link budget calculations. As it can be seen in Fig. 5 , the use of GPS + Galileo will lead to a considerable increase of visible GNSS satellites, which is directly related to the amount of available observations for Orbit -and Attitude Determination and relative geometry between the constellations and the user in space.
Orbit Determination
The results obtained from the proposed OD concept by using Ionospheric free Code Pseudo Ranges observation within a LSQ process by using a data arc of 5 min. are shown in Table 7 and Table 8 and also illustrated in Fig. 6 . The case shown in Table 7 is used in order to outline the impact of multipath on the individual signals and its related impact on the overall OD performance. Fig. 6 shows a sample of 10 simulations in various environmental conditions. It can be clearly seen that the performance of Galileo based observations is significantly better than the performance of GPS based observations. In this context it should be clearly high lighted that GPS can perform a real time OD accuracy of 2 m (3D, 1σ) based on the use of observations from C/A and P code. However, the P code option has not been used in this research because the concentration was on civil signals only. In this sense, this investigation reflects a worst case scenario.
Attitude Determination
The AD results obtained within this study are shown in Fig. 7 and Table 9 : Attitude Determination results for the simulated scenarios Figure 7 and Table 9 shows that the Attitude accuracy requirements for the SAR slave satellites can be met in case of a low multipath environment. The geometry, reflected by the DOP values seems for Galileo to be very good. However, the combined use of GPS and Galileo provides excellent geometry between user and the constellations, so that the DOP values are well below 0.5! Based on the improved signal robustness against multipath in case of Galileo and design considerations for the user satellites, GNSS based AD shows a good potential for space applications.
CONCLUSION
A GNSS based on board navigation concept for a SAR constellation in LEO has been investigated. The investigated concept was not using the most accurate signals available from GPS and from Galileo. The objective was to use services from both systems which are interoperable, compatible and free of charge. For this reason, the civil signals on L1 and L5 in case of GPS and L1 and E5a from Galileo have been used for this investigation. In addition, processing techniques like the carrier smoothing of the Ionospheric free code pseudo ranges, which would improve the accuracy of the measurements have not been applied. This means that the obtained results are not the ultimate regarding achievable accuracy. For this reason, the presented results are reflecting a conservative approach with the clear understanding that the full potential of both systems have not been used to the full extension.
The following statements can be made:
-Real time Orbit Determination with a 3D 1σ position accuracy of better than 1 m can not be achieved by using the investigated GPS observations -Using Galileo observations will provide real time Orbit Determination 3D 1σ position accuracy of better than 1 m -The investigated concept shows that real time Orbit Determination 3D 1σ position accuracy of well below 1m ( around 80 cm) can be expected in case of a combined use of GPS together with Galileo signals -Using GPS and Galileo signals together will provide an excellent geometry and related DOP values -GPS alone could only be used for attitude determination in the investigated low multipath environment in case the requirement is x < 0.07 deg 3σ per axis -Galileo will provide good results for the attitude accuracy, which are well below the SAR requirements (0.016 deg 3σ per axis). Especially the excellent geometry contributes to the performance significantly -The combined use of carrier phase measurements from GPS and Galileo would provide accuracy in the order of 3D 3σ 0.018 deg for the investigated multipath environment
